The electrical conduction mechanisms in various highly resistive GaN layers of Al x Ga 1−x N/AlN/GaN/AlN heterostructures are investigated in a temperature range between T = 40 K and 185 K. Temperature-dependent conductivities of the bulk GaN layers are extracted from Hall measurements with implementing simple parallel conduction extraction method (SPCEM). It is observed that the resistivity (ρ) increases with decreasing carrier density in the insulating side of the metal-insulator transition for highly resistive GaN layers. Then the conduction mechanism of A. Yildiz
Introduction
GaN and its related alloys have received considerable attention due to their important applications in both electronic and optoelectronic devices [1, 2] . In materials like GaN and its related alloys having a high energy gap [3, 4] , impurity band conduction may be significant even at high temperatures [5] [6] [7] . Electrical conductivity processes in such materials having wide energy gaps are mainly due to carrier hopping within the impurity centers at low temperatures [5, 8, 9] .
There have been a number of different efforts to determine electrical properties of GaN and its related alloys [5, 7, 10, 11] . Among the most important assessment methods is the Hall effect measurement which is most convenient for the investigation of the electrical properties of GaN and related alloys. It was reported that the conduction mechanism of highly degenerate Ga-rich In x Ga 1−x N layers can be well explained by a model that takes into account electron-electron interactions and weak localization effects [6, 7] . Fehrer et al. [10] showed that the electrical properties of highly resistive GaN layers are mainly determined by potential barriers which are proposed to be localized at grain boundaries. Bhattacharyya and Pal [11] reported that VRH conduction dominate the carrier transport mechanism in GaN thin films at temperature range of 200-300 K.
Highly resistive GaN layers are mostly used to decrease the influence of the buffer on the main conducting layer [12] . However, there is always an expected parallel conducting channel in the buffer. The temperature-dependent Hall data of highly resistive GaN layers with a resistivity higher than 10 3 cm could not be measured even at 400 K [13] . The studies on the electrical transport properties of highly resistive GaN layers are still limited.
Since the carriers in different conducting channels do not all have the same drift velocity, single magnetic field Hall measurements can only give an approximate result about the carriers in a GaN-based HEMT structures as it is the case in this study. There may be an important parallel conducting channel even for the unintentionally doped structure [14, 15] . To extract the contributions of 2DEG conductivity and parallel conductivity in our structure, the simple parallel conduction extraction method (SPCEM) is used [16] .
The analysis of magnetic field dependent resistivity and Hall data have been discussed in several papers [17] [18] [19] for the parallel conduction problem with the methods like: twocarrier model [20] , multi-carrier fitting procedure (MCF) [21] , mobility-spectrum analysis (MSA) [22] , MCF and MSA hybrid [23] , and the quantitative mobility spectrum analysis (QMSA) package [24] . QMSA is well known to be superior to other existing methods. It has no limits for the carrier type and number of channels. However, in order to extract the effect of low mobility bulk carriers, very large magnetic fields (μ min B max 1) and stable thermal conditions required for long durations during the Hall measurements. SPCEM is recently proposed by Lisesivdin et al. [16] to extract the contributions of bulk and 2DEG carriers in a HEMT or MODFET structure. Therefore there are some assumptions in the method:
(1) There are two main contributions to conductivity: 2DEG carrier and a bulk carrier. (2) At the low temperatures, bulk carriers are assumed to be frozen totally. Therefore, the measured Hall carrier density at the lowest temperature is accepted as the temperature-independent 2DEG carrier density [25] . (3) The change in temperature-dependent measured carrier density is caused by thermal activation of bulk carriers only. (4) Densities of bulk carriers and the 2DEG are in the same order.
In the Lisesivdin et al.'s study [16] , the following equations were found for the mobilities of 2DEG carrier (named as carrier 1) and bulk carrier (named as carrier 2) with the investigation of magnetic-field-dependent conductivity tensors and their derivatives: 1 and n Hi 2 = n Hi H − n Hi 1 are used. In this work, we investigated the Hall results in Al x Ga 1−x N/AlN/GaN/AlN heterostructures with SPCEM for the first time in order to evaluate the contribution of the low-mobility carriers in GaN layers to total conductivity. The calculated electrical resistivity data from these undoped highly resistive GaN layers are investigated in a temperature range of 40-185 K.
Experimental
The samples in this study were all grown on c-plane (0001) sapphire (Al 2 O 3 ) substrate with a low-pressure MOCVD reactor. Hydrogen was used as the carrier gas; trimethylgallium (TMGa), trimethylaluminum (TMAl), and ammonia were used as Ga, Al, and N precursors, respectively. Three samples were chosen for the present study. Samples A and B have the same growth conditions except the GaN buffer growth time which concludes different GaN buffer thicknesses. Sample C has different growth conditions with respect to other samples to present the general applicability of the analysis for these types of structures. All layers are nominally undoped. Sample layer thicknesses are listed in Table 1 . Layer thicknesses and Al mole fraction values are checked using XRD and ellipsometry measurements.
For the Hall measurements by using the van der Pauw method, square-shaped (5 × 5 mm 2 ) samples were prepared with four evaporated triangular Ti/Al/Ni/Au (200 Å/2000 Å/ 300 Å/700 Å) contacts in the corners. Contacts are annealed with rapid thermal annealing (RTA) system. Ohmic behavior of the contacts was confirmed by the current voltage 
